This work presents an new numerical model approach to simulate abnormal operational conditions in water mains, including the transition between free surface and pressurized flows regimes and sub-atmospheric unsteady flows leading to cavitation. The method is based on the Two-component Pressure Approach (TPA), which is modified to incorporate a variable acoustic wave speed calculation that depends on the pipe elasticity properties and on estimated free gas content. This modification represents an improvement over the original TPA method for water main applications in that the celerity, originally treated as a simulation parameter, now varies with space and time, as it would be anticipated in actual conditions. The proposed method was tested in three different conditions that involved unsteady flows and vaporous cavitation, and its results were compared with the original TPA model, the MOC-DGCM model and experimental data. The comparative analysis indicates that the modified TPA model be an interesting and useful alternative to simulate unsteady flows in water mains in cases when flow regime transition is anticipated.
INTRODUCTION
Water mains are a fundamental component of urban infrastructure, and the operational control of such systems becomes increasingly important in the context of water resources management. One valuable tool in the process of controlling flows in such systems is the use of numerical models to predict flow conditions during atypical conditions (i.e. pump power loss), in which case flow becomes unsteady. Computational models for unsteady flows in water pipelines have been available for nearly four decades, and most models are based on the Method of Characteristics (MOC) to create an algebraic set of equations that solve the space-time dependent pipe flow. The MOC popularity is explained by its relative simplicity and ease of implementation and reasonably low computational effort. MOC models have been tremendously successful in the water industry predicting a number of undesirable operational conditions. Different implementations of MOC models for pipeline flows are presented in Wylie and Streter (1993) , and one MOC variation is the Discrete Free-Gas Cavity Model (DGCM). This variation is particularly appli-1 A.M. ASCE, Assistant Professor, Dept. of Civil Engrg., Auburn University, 238 Harbert Engineering Center, Auburn, AL, 36849. E-mail: jvasconcelos@auburn.edu 2 Infrastructure Analyst, National Integration Ministry -Brazil. Esplanada dos Ministerios, Bloco E, Braslia -DF, CEP 70067-901. E-mail: davimarwell@gmail.com cable to simulate sub-atmospheric flows, which in turn are related to operational issues such as distributed and localized cavitation, column separation and admission of external contamination into the conduits.
More recent alternatives to model unsteady flows in water mains have been proposed based on Godunovtype schemes (Guinot, 2001; Zhao and Ghidaoui, 2004; Leon et al., 2008) , which are also able to simulate sub-atmospheric transient flows in closed conduits. Godunov-type schemes are more complex to implement, but they bring the advantage of high-order precision computation, allowing for coarser discretization with comparable overall precision.
However, the operational issues in water mains are not restricted to sudden changes in flow conditions and sub-atmospheric flows. Among other issues, free surface flows may occur under abnormal conditions that include: a) flow start-up or rupture of water mains; b) pipeline emptying and refilling operations; and c) when water demand exceeds production, in which case the pipeline acts as a reservoir. The simultaneous occurrence of free surface and pressurized flow regimes in different regions of the pipelines at a given instant characterizes Flow Regime Transition, also referred in the literature as Mixed Flow.
Two recent investigations help illustrate the occurrence of flow regime transition in closed conduits. An experimental study by Vasconcelos and Wright (2008) investigated the initial moments that followed a rapid startup of a filled pipeline with free-discharge conditions. A large air intrusion was observed where the pipeline discharged freely. Higher pressure heads at the supply reservoir generated conditions that led to the removal of the air intrusion. On the other hand, the air intrusion persisted in the downstream portion of the pipeline for lower heads at the reservoir. While the upstream portion of the pipeline was in pressurized mode, the downstream portion flowed as an open channel. In a second work, performed field measurements of pressures and inflows during the filling process of a 4.4 km, 350-mm diameter ductile iron pipeline. The data collected and subsequent numerical modeling helped to indicate the occurrence of flow regime transition during the pipeline filling process at various locations..
To date, there are no numerical models to simulate abnormal flow conditions in water mains that can handle both sub-atmospheric flows and flow regime transition conditions. The ability of combining these two features in a single model may prove valuable to waterworks and other water main operators in determining the occurrence of abnormal flow conditions, which in turn may avert incidents with such systems. This work aims to present an model that achieve these two requirements, as detailed below.
Challenges in using flow regime transition models in water mains
Parallel to the development of closed-pipe numerical models, unsteady, open-channel flow models based on the Saint-Venant equations have been available for decades. Such models have been implemented with an array of different numerical schemes, as presented by Cunge et al. (1980); Toro (2001); Sturm (2010) .
Recent Saint-Venant equation models have also been proposed with the Finite Volume method coupled with Godunov-type schemes. This combination results in robust codes that have improved accuracy and much reduced numerical diffusion.
With ingenious adaptations, Saint-Venant models can also be applied to simulate pressurized flows. In the context of hydroelectric dams tailrace tunnels simulation, the pioneer work by Cunge and Wegner (1964) proposed that closed pipe flows could be solved with the Saint-Venant equation by applying the Preissmann slot conceptual model. This model introduces a hypothetical, narrow slot on the top of a closed conduit, and if flow becomes pressurized the water would climb the slot. The ability to handle the flow regime transition led the application of the Preissmann slot model to simulate other hydraulic systems such as stormwater sewers, below-grade storage tunnels and culverts. Models that use the Preissmann slot include versions of SWMM 5 (Rossman, 2004) , HEC-RAS 4.1 (Brunner, 2010) , and other commercial flow models.
However ingenious, the Preissmann slot model cannot handle full-pipe, sub-atmospheric flow conditions, as pointed out by Song et al. (1983) . Alternatives to overcome this limitation in handling flow regime transition were proposed in the form of shock-fitting models (Song et al., 1983; Cardle and Song, 1988; Politano et al., 2007) that apply different set of equations to each flow regime. Those models, however, require tracking all pressurization fronts, which can be computationally costly and difficult in large and complex hydraulic systems. Vasconcelos et al. (2006) presents a more complete discussion and comparison between the alternative models for flow regime transition.
The Preissmann slot inability to simulate pressurized sub-atmospheric flows has been overcome recently with the introduction of the TPA conceptual model proposed by Vasconcelos et al. (2006) . As the Preissmann slot model, the TPA model is also a Saint-Venant equation model with modifications that allow for the solution of the free-surface and pressurized flows in closed conduits, including sub-atmospheric flows. Being a single equation model, it does not require the interface tracking procedure. Because this model may be implemented with Godunov-type schemes, it has provided very good predictions in a number of different flow conditions, including rapid filling of pipes and classical water-hammer type problems, as demonstrated in Vasconcelos and Wright (2007) and Vasconcelos and Wright (2009) . In summary, a TPA-based model would be an alternative to MOC models to simulate flow in atypical conditions in water mains, particularly if the analyst has reasons to believe that free surface flows may occur at some locations.
However, other difficulties in applying the TPA model for the simulation of water mains still remained, one being the accurate simulation of unsteady low pressure flows that affect the wave celerity. Research has demonstrated the strong dependency of the celerity magnitude and free gas content in low pressure water flows. As presented in Wylie and Streter (1993) , even a small fraction of free gas may result in dramatic decrease in the local wave celerity when low pressure conditions occur. As pressure drops, the volume occupied by free gas increases, reducing the fluid mixture modulus of elasticity and density. Cavitation and column separation may also occur, and such events may lead to strong water-hammer that may cause severe damage to the pipeline. Proper simulation of the effects of low pressure waves is thus considered an important requirement in the numerical modeling of water pipelines.
MOC-DGCM models are reportedly able to simulate with good accuracy unsteady low pressure flows in closed conduits. Such models assume that the free gas content is lumped in pockets located at the computational nodes. As pressure varies, the pocket volume is altered in accordance to the ideal gas law, but no explicit correction is performed in the local wave celerity. Instead, the flow rate that reaches a computational node may be significantly different from the flow that leaves the node due to this free gas compression/expansion. To solve the flow in internal computational nodes, the MOC-DGCM model applies the two relevant characteristic equations, the continuity equation and the ideal gas law to update four flow variables, namely: flow rate upstream and downstream from the computational node, local pressure and free gas volume.
By contrast, all flow regime transition models to date have limited ability to simulate low pressure flows.
None of such models can adjust the wave celerity as the pressure drops and the free gas content increases.
A viable strategy to include these effects is the one proposed for the models presented by Guinot (2001) and Leon et al. (2008) for flow in pipelines with no flow regime transition. The alternative used in those studies is similar to the MOC-DGCM in the sense that an assumed free gas volume is present at each discrete volume of the computational domain, and that this volume varies according to the ideal gas law. Yet, unlike the MOC-DGCM, the wave celerity is adjusted at each computational cell and each time step.
OBJECTIVES
This paper presents an innovative model that combines the ability of simulating sub-atmospheric flows with flow regime transition conditions. The model is a modification of the TPA model that performs adjustments of the wave celerity at the computational cells during the computation as a response to changes in pressure head and free gas fractions. This modification effectively enhances the ability of the TPA model to simulate low pressure flows, which is considered as an important step towards the development of a unsteady flow model for water mains operating under atypical conditions. Initially a brief introduction on the TPA model is presented, followed by the procedure that performs adjustments to wave celerity. Also, boundary conditions necessary to perform the example calculations are presented. Three examples are used to perform comparisons between the MOC-DGCM, the original TPA method and in one case with experimental data.
METHODOLOGY

The TPA-modified Saint-Venant equations
The Saint-Venant equations may be expressed in a vectorial, conservative form for prismatic conduits as:
in which: A is cross-sectional area of water flow, Q is the water flow rate, h c the distance between the free surface and the centroid of the flow cross-sectional area, S o is the bed slope and S f is the energy slope (given by Manning equation in this implementation). As shown in Vasconcelos et al. (2006) , by considering the pipe wall elasticity while neglecting the fluid compressibility, one demonstrates the complete identity between the Saint-Venant equations and the correspondent mass and momentum equations for closed-pipe flows. Using this, the TPA model introduces a new term in the momentum flux that allows for the separation between the hydrostatic-like pressure term and the pressure term that is expected only in surcharged flows, herein defined as h s . After the modification, ⃗ U and F ( ⃗ U ) and S( ⃗ U ) of Saint-Venant equations becomes:
The expression for h s depends on A, on the wave celerity a and on the pipe cross-sectional area A pipe :
The original solution procedure for the TPA method used a constant value of the celerity a throughout the computations. The proposed model departs from this assumption, and now a will vary with time and space as a function of the pressure and free gas content. The details of the celerity adjustment procedure and boundary condition calculations are provided below.
Internal cells calculation
The solution procedure for the calculation is the following: the updated values of the conserved variables
T presented in equations 1, 3 and 4 are solved using the Roe scheme, following the procedure outlined by Macchione and Morelli (2003) :
In the above equation n is the time index, i is the space index, F n i are cell-centered fluxes, ∆x the space discretization and ∆t is the time step. The values of the approximate values of the eigenvalues λ (j) and the corresponding eigenvectors ⃗ r (j) for A and Q across the interface requires first the computation of the so-called Roe averages across each of the interfaces (i, i + 1). Finally, (δw (j) ) j+1/2 is the strength of the wave that crosses the interface (i, i + 1).
In which: B is the width of the free surface. The value of the 1 st momentum of the flow cross section about the free surface I i is determined as follows. In a given cell i in which there is free surface flow, only the hydrostatic pressure contributes towards I i . Otherwise, if cell i is currently under pressurized flow regime, both the hydrostatic pressure and the pressure term based on h s from equation 4 contributes towards I i :
With these values calculated, the approximate eigenvalues and eigenvectors across interfaces (i, i + 1) are obtained with the equations:
Finally, the strength of the wave crossing the interface between cells (i, i + 1), measured in terms of the variations δw at the interface (i, i + 1), can be obtained with the equation:
A recent work by Sanders and Bradford (2011) applied the TPA model in the context of modeling a sewer network, and a number of improvements on the solution techniques were proposed to preserve solution stationarity, particularly in source term calculations. Even though one acknowledges the benefits of such improvements, the main goal of the present work is to assess the effects of the celerity adjustments to the solution procedure of the TPA model as outlined by Vasconcelos et al. (2006) . Future versions of the proposed model will incorporate improvements in source term calculation procedures.
The examples solved with the newly proposed TPA model and with the original TPA implementation were calculated using a 200-cell finite volume domain and a Courant number of 0.95, except where specified.
The simulations with the MOC-DGCM model used for the comparison were performed with a 100-reach computational domain. No details on the MOC-DGCM model that is used to compare the results with the proposed model are presented here, but those can be found in Wylie and Streter (1993) . An important parameter in the MOC-DGCM model, the weighting factor ψ was assumed to be equal to unity in order to minimize numerical oscillations.
Celerity adjustment procedure
At this point the modification to the original formulation of the TPA model is detailed. First, it is necessary to compute the interrelationship between the wave celerity, free gas content and pressurization head. The strategy here is similar to the one presented in Guinot (2001) and Leon et al. (2008) , but with some adjustments required by the TPA model. Instead of a user-specified celerity, which is the common approach in flow regime transition models, the proposed model uses three parameters to calculate the wave celerity of the conduit in steady conditions: volume fraction of free gas in the pipe (α); pipeline modulus of elasticity (E); and pipeline wall thickness (e). With those parameters the model calculates the initial wave celerity with the expression (Wylie and Streter, 1993) :
in which K l is the water bulk modulus of elasticity, D is the pipe diameter, e is the pipe wall thickness, E is the Young modulus of elasticity of the pipe material, ∀ g is the volume of free gas and K g is the modulus of elasticity of the free gas. It is assumed in the proposed model that the expansion and compression cycles are isothermal and obey the ideal gas law. The density of the fluid mixture ρ is defined as:
in which ρ g and ρ l are the densities of the free gas and water, respectively. To determine the celerity it is necessary to calculate the free gas fraction α, and the ideal gas law is used to represent the expansion/compression cycles of the free gas content:
in which ∀ is the total volume of the discretization cell, p * 0 the reference absolute pressure and the absolute pressure at a given location and time p * is directly related to the surcharge head h s and to the absolute atmospheric pressure head h atm by the expression:
For each time step, the initial calculations are directed to update the conserved variables
With these calculated, the remaining variables such as the flow velocity V , hydraulic radius R, centroid depth h c , h s and others need to be computed. In the calculation process, the minimum value allowed for the pressure head is correspondent to the water vapor pressure (assumed in the computations as p * v =2 kPa). If pressure at any computational reaches p * v then α reaches the maximum value while the wave celerity reaches a minimum. As pressure increases, α decreases and celerity value increases. Because α will always be positive within internal cells, no vapor pockets are assumed to collapse at such cells. Column separation, however, can be represented at the boundary conditions, as it is described below. The computation of h s with variable wave celerity a requires the simultaneous solution of equations 4, 15, 16, 17 and 18. This is accomplished by means of iterative calculations on these equations until convergence, which usually requires between five to ten computation rounds for each finite volume cell. A fluxogram with the calculation steps of the newly proposed TPA model is presented in Figure 1 .
Boundary condition calculation
As mentioned, a relevant effect related to unsteady low pressure flows in closed conduits is column separation, which is the formation of a large water vapor pockets that may lead to strong pressure spikes upon their collapse. The incorporation of column separation in the proposed model is possible via boundary condition calculations. It is then assumed that column separation would occur in specific sites such as at the proximity of closing valves, at isolated high points or slope changes. Example 1 and 3 uses a boundary condition (BC) that simulates the column separation that follows the closure of a gate at the upstream end of the pipeline is used, and is essentially the same one presented on the code GCAV.FOR presented by Wylie and Streter (1993) . There is a difference in the formulation used in example 3 from the original procedure in that the flow regime is allowed to become free surface. The equations that describe the flow at a gate undergoing closure (assuming that the flow that comes from the reservoir through the gate Q in (t) is specified):
in which i index correspond to a computational cell, y i is the piezometric head at cell i, (corresponding to z +D +h s with z as the elevation), Q in (t) is the flow rate at a given time (t), f is the Darcy-Weisbach friction coefficient, ∆x is the length of a finite volume cell, However, there is an enforced lower limit y 1 = H v , with h v as the vapor pressure head. If the resulting y 1 from equation set 19 is lower than h v , then a vapor cavity with volume ∀ vap is opened at that location, pressure drops to vapor pressure, and the following equations are used instead: The calculation procedure for this upstream BC is changed when the pipeline undergoes emptying and free surface conditions develop in the system. In such case, the calculation of this boundary condition is analogous to an upstream end of a channel. The procedure used is based on the Hartree method, as presented in Sturm (2010) , and calculate flow parameters at a point s, projected backward in time through a C− characteristic line between cells 1 and 2. Details of this standard procedure are not presented here.
Assuming that the zero discharge at the closed gate, the piezometric head y 1 is calculated as:
in which c s and K s are values calculated with flow data at the backward projection point s.
With the values of y 1 and Q 1 known, the remainder variables can be easily obtained.
Another boundary condition used in the computations is free discharge conditions at the downstream end, in which brink depth conditions are assumed. In such case, flow velocity V and wave celerity a are assumed equal at the last computational cell/node N with Froude Fr=1, resulting in a direct relationship between A and Q:
For subcritical conditions at the discharge, the above expression is coupled with the appropriate characteristic equation to solve for the BC at this point. Otherwise, if flow is supercritical, then the conditions at cell N − 1 are repeated at cell N . While this BC was implemented rather easily for the TPA model, this was not the case for the MOC-DGCM model, as those models are not designed to handle free surface
flows. Yet, an interpretation on how to deal with this condition was required so that a comparison could be performed for the free discharge conditions. For positive pressures at node N − 1, the value calculated for A N would be correspondent to a pressure head y N , which was enforced at that point. If pressure dropped to sub-atmospheric values in the simulation, the pressure head y N was set to zero (atmospheric gage pressure head), and the water was allowed to recede into the pipe as a column, so to be consistent with the model assumption of maintaining pressurized flow. The flow rate Q N was calculated not by using the upstream cell, but by using the relevant characteristic equation C+. Other boundary conditions used in this work (e.g. fixed head reservoirs) are not detailed as those are described in books such as Tullis (1989) and Wylie and Streter (1993) .
MODEL EVALUATION
The examples are proposed to evaluate the proposed TPA model, with schematics presented in Figure 2 : During the gate manoeuver, the pressure head oscillated significantly, but because of gradual closure, the pressure drops were not enough to result in column separation. As indicated in Figure 3 , the MOC-DGCM model predicted a pressure hydrograph for the initial 29.5 seconds characterized by cyclical oscillations.
When the gate was fully closed at t = 29.5 s, the pressure dropped to the water vapor pressure level, and a water vapor pocket opened at that location. This pocket was short lived, and collapsed right after 30 s.
Pressure oscillations follow this collapse, but there are no other events of column separation. The experimental conditions were such that the valve at the downstream end was completely shut between 1367 and 1391 milliseconds (overall 0.024 second). A significant pressure rise due to the valve closure is notices, followed by a drop in pressure down to vapor pressure level. A cavity forms at the upstream end of the valve and lasts for 0.216 second, corresponding to a non-dimensional time T * = T /(2L/a)=3.84. Upon cavity collapse causing another pressure peak, slightly smaller than the first peak due to the valve closure.
When the pipe thickness reported by Simpson (1986) is used to compute the acoustic wave speed using equation 15, the resulting value is 1358 m/s (Simpson reported 1355 m/s). Experimental measurements of the acoustic wave speed indicated that this parameter was around 1280 m/s. In order to emulate this value, two alternatives where tested here. The first one assumed a slightly more flexible pipe and a small free air content α = 10 −7 , while the second used the same theoretical rigidity of the system, with a much larger free air content of α = 10 −5 that dropped the acoustic wave speed to 1280 m/s.
Experimental measurements of the pressure at 25% of the pipeline length (9 m from the upstream end) and at the downstream gate (36 m from the upstream end) are presented in Figure 5 . These results are presented by Simpson (1986) are in general as accurate as the predictions by the proposed TPA model.
Example 3: Gate closure at the upstream end of a freely discharging pipeline
This example helps to illustrate a case when low pressure events may be associated with the transition between flow regimes. This example is practically identical to example 1, except that the downstream freely discharges into a lower level. Because of the air contact at the discharge point, it is possible that air intrusion will occur, creating a gradual flow regime transition. Even though this is a unsteady pipeline flow, MOC-DGCM is not adequate to simulate such conditions due to the possibility of free surface flows at the discharge. Yet, this will be attempted by introducing certain assumptions on how to handle boundary condition calculations, as previously explained. The second difference between this example and example 1 is the gate closure speed, which now drops the discharge linearly from the steady state level 6.0 m 3 /s to 0.0 m 3 /s in 15 seconds ensuring column separation as soon as the gate is maneuvered.
The expected outcome of such gate closure could be described as follows. Discharge drops at the upstream end due to the gate closure, and this lead to a significant pressure drop and column separation. Upon vapor pocket collapse, pressures will suddenly rise and oscillate. At the downstream end, the flow decrease will result in a gradual receding of the flow regime transition interface. This behavior continues until free surface flow are established in the whole pipeline, and then it empties in open channel regime.
This behavior is predicted by the proposed TPA model, as shown in Figures 6, 7, 8 and 9 . The pressure hydrograph shown in Figure 7 (A) indicates that as the gates closed, pressure dropped quickly leading to column separation. This vapor pocket collapsed but the pressure spike was not too large. Soon after other pockets were opened and rapidly collapsed. Eventually, the pressure oscillations were not sufficient to generate vapor pockets and eventually, soon after the gate was closed, free surface flow was established at the upstream end. Despite the lack of field or experimental data, which limits the evaluation of these results, the anticipated behavior of this transient event was reasonably described by the proposed model.
Experimental research needs to be conducted to confirm whether such findings are consistent.
The predictions from the MOC-DGCM model also indicated the occurrence of column separation soon after the gate closure started. However, the timing of the two initial vapor pocket collapses did not match the proposed TPA model. Following the second collapse, a large vapor pocket developed while the flow was gradually reversing in the pipeline. As indicated in Figure 6 (A) and (B), this large pocket collapsed at about T=23 s, and a strong pressure spike (190 m) was predicted. Those predictions are attributed to the way the lower BC was calculated with the assumption that the flow remained pressurized. head drops to atmospheric level. Because it was assumed that the water interfaces receded into the pipe, the discharge became negative at that point. As the upstream vapor pocket collapses, pressure rises again and discharge becomes positive. At T=30 seconds, the head dropped again to zero, indicating that another flow reversal was about to start.
MOC-DGCM models do not perform explicit changes in the wave celerity during the computation, but those values would vary locally during an event such as the one described in example 3. Figure 9 presents the TPA model predictions of the wave celerity variation over time for the upstream and downstream ends of the pipeline. Because the flow is pressurized at the upstream and discharges freely at the downstream end, the initial difference on the celerity values was above 2 orders of magnitude. The pressure dropped during the gate closure increasing the free gas content, which in turn resulted in the changes in the wave celerity from 1200 m/s to 950 m/s at the upstream end. The wave celerity oscillations eventually cease, and when free surface flow regime is attained at the upstream end the celerity drops sharply to values comparable to ones predicted at downstream.
CONCLUSIONS AND FUTURE WORK
The numerical simulation of water mains under abnormal conditions is an important tool for waterworks to anticipate adverse operational conditions. Most computer models used in this task assume pressurized flow conditions throughout the pipeline, a condition that may not be valid at all times. Conditions that involve pipeline rupture, emptying and refilling processes, among others, may be characterized by the transition from pressurized to free surface flows. In such flow regime transition conditions, the applicability of more traditional modeling approaches may compromised. On the other hand, flow regime transition models could represent an alternative to simulate such conditions that involves mixed flows. However, because most such models were developed for different applications, they are not adapted to handle all relevant operational conditions, particularly sub-atmospheric flows. 
